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ABSTRACT 


High  purity  zinc-aluminum  alloys  in  the  range  25  to  50 
Wt*  %  A 1  were  obtained  using  techniques  of  induction  melting 
and  gravity  casting  under  inert  atmospheres. 

Mechanical  testing  ef  as-cast  alloys  showed  an  increase 
in  ultimate  tensile  strength  from  53,600  psi  for  a  25%  alloy 
to  57t600  psi  for  a  45%  alloy  and  a  drop  in  U,T*S.  values  for 
a  further  increase  in  aluminum  content. 

Heat-treatments  consisted  of  quenching  45%  alloys  from 
400°C  to  room  temperature  and  drawing  at  250°C  for  varying  times, 
U*  T*  S*  values  decreased  from  56,100  psi  for  a  quenched  alloy 
to  41,000  psi  for  an  alloy  drawn  for  1000  minutes.  Ductility 
of  the  45%  alloy  increased  from  3%  elongation  and  3%  reduc¬ 
tion  in  area  in  the  as-quenched  condition,  to  8,5%  elongation 
and  12*5%  reduction  in  area  after  a  1000  minute  draw* 

The  constitution  of  the  alloys,  determined  by  x-ray 
diffraction  and  microscopic  examination,  shows  some  relation¬ 
ship  to  measured  mechanical  properties. 

X-ray  diffraction  analyses  also  reveal  changes  in  lat¬ 
tice  parameter  of  thefts  -phase  during  heat-treatments*  Ap¬ 
proximate  calculations  shew  that  this  change  is  probably 
caused  by  zinc  diffusion  out  of  the  -phase  with  short  time 
tempering  and  back  into  the  -phase  during  further  tempering* 
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The  present  work  is  an  investigation 
of  intermediate  range  alloys  from  25%  to 
50%  aluminum  by  weight.  Alloys  have  been 
made  from  high  purity  metals,  with  a  melt¬ 
ing  technique  that  employs  an  inert  atmos¬ 
phere  throughout  the  casting  procedure. 
Microporosity  and  hot  tears  are  thought 
to  be  reduced  to  a  minimum  for  the  type 
of  gravity  casting  practised.  Mechanical 
properties  of  alloys  in  the  as-cast  and 
heat-treated  condition  are  related  to 
constitution  by  x-ray  diffraction  and 
microscopic  studies. 
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2. 


PREVIOUS  WORK 

Commercially  important  zinc-aluminum  alloys,,  containing 
minor  additions  to  improve  mechanical  properties^  are  confined 
to  the  two  extremes  of  the  zinc  composition  range*  The  most 
common  of  the  zinc-base  alloys  are  Zamak  3  and  Zamak  5,  while 
in  the  aluminum-rich  range  75S  and  R303  find  the  greatest  use 
(I)*  Of  the  few  known  alloys  between  these  extremes,  British 
Main  Metal  appears  to  be  leading  the  commercial  field  (2), 

Original  work  on  zinc-base  alloys  for  die-casting  revealed 
that  fluidity  and  grain  refinement  increased  as  the  aluminum 
content  was  increased.  But  while  this  improved  mechanical 
properties,  intercrystalline  corrosion  became  more  pronounced  (3), 
Later  work  (4)  showed  that  copper  additions  decrease  the  inter¬ 
crystalline  corrosion  and  also  increase  strength,  hardness  and 
abrasion  resistance. 

Intercrystalline  corrosion  is  noiv  thought  (5)  to  be  caused 
by  impurities  of  lead,  cadmium  and  tin  in  the  zinc.  For  this 
reason  high  purity  zinc  is  used  for  most  zinc-base  castings. 

Zinc-aluminum  casting  alloys  tend  to  have  pronounced  micro- 
porosity  and  hot  shortness.  Development  of  the  high  aluminum 
range  of  alloys  (in  an  attempt  to  discover  good  bearing  metals) 
has  been  discouraged  by  microporosi ty.  This  is  especially  the 
case  in  sand  castings,  where  microporosity  appears  almost  in¬ 
evitable  (2),  Hot  shortness,  occur i ng  as  tears  and  cracks 
during  or  very  soon  after  casting,  limits  the  possible  applica¬ 
tions  of  many  aluminum  alloys  (6), 

The  aging  phenomenon  of  zinc-aluminum  presents  a  second 
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3. 


problem,,  Precipitation  of  the  /3  -rich  phase  results  in  a  marked 
volume  contraction  which  has  yet  to  be  fully  eliminated  by  ap¬ 
propriate  alloy  additions  (7,8). 
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APPARATUS  AND  EXPERIMENTAL  TECHNIQUE 

Vacuum  distilled  zinc  (99.999%)  and  aluminum  pellets  (99*99%) 
were  obtained  for  test  work.  To  approach  this  purity  in  the 
cast  alloy  condition  an  induction  melting  chamber  was  constructed 
such  that  alloys  could  be  melted  and  cast  under  an  argon  atmos¬ 
phere.  (Fig.  i) •  The  melting  chamber  consists  of  a  lucite 
tube.  9"  x  6'*  O.D.,  1/8**  wall  thickness,  which  is  closed  at 
both  ends  by  brass  plates  fitted  with  O-ring  seals.  The  melt¬ 
ing  c oil*  insulated  from  the  lower  end  plate  by  a  lucite  disc, 
is  actuated  by  a  high  frequency  current  from  a  12KW,  9000Kc/s 
source. 

The  water  cooled  coil  is  wound  to  support  a  bottom  pour 
alundum  crucible  3J£*®  x  2*®  O.B..  wall  thickness*  The  base 
of  the  crucible  contains  a  dia  hole,  which  is  stoppered  by 
a  3/8**  graphite  rod.  The  stopper  is  released  from  outside  the 
chamber  by  means  of  a  connecting  brass  rod  operated  through  an 
O-ring  seal  in  the  lower  brass  plate* 

For  temperature  control  a  chrcmei-aiume 1  thermocouple  is 
introduced  through  a  rubber  seal  in  the  top  brass  plate.  The 
couple  is  thrust  unprotected  below  the  surface  of  the  melt  to 
obtain  rapid  readings  and  must  therefore  be  replaced  for  each 
melt.  A  Marsh  gauge  reading  -30  to  +30  inches  Hg.  is  sealed 
into  the  top  brass  plate  for  use  in  establishing  pressure  re¬ 
quirements  during  evacuation  and  filling  with  argon  gas. 

Melted  alloys  are  chill  cast  into  a  copper  split  mould 
which  tapers  from  0.480**  to  0.400*®  over  a  3*®  length.  The 
mould  is  fully  vented  by  *®wh i st ler s**  located  at  3/8®*  intervals 
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Fig.  1 


Melting  and  casting  apparatus 
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along  the  split  mould  length.  The  open  bottom  end  rests  on 
the  smooth  surface  of  the  lower  brass  plate. 

EXPERIMENTAL  TECHNIQUE 

1 •  Malting  and  casting  procedure 

An  alundum  crucible  is  placed  within  the  water  cooled  coil 
and  a  graphite  stopper  rod  positioned  correctly  in  the  tap 
hole.  A  volume-corrected  charge  of  between  30  and  40  grams 
(depending  on  composition)  is  placed  in  the  crucible,  the 
copper  mould  positioned  beneath  the  tap  hole  and  the  brass  end 
plates  then  tightened  over  the  lucite  tube.  A  new  thermocouple 
lead  is  thrust  into  the  charge  and  the  chamber  evacuated  to 
-30”  Hg o  After  intitial  evacuation,  the  chamber  is  flushed 
twice  with  argon  gas  and-finally  filled  with  argon  to  a  positive 
pressure  of  4”  Hg. 

The  high  frequency  field  is  then  switched  on  and  temperature 
readings  are  taken  at  intervals.  Fluctuations  in  temperaturef 
after  complete  melting  of  the  aluminum,  indicate  circulating 
currents  within  the  melt,  which  assure  homogeneity.  When  a 
steadily  increasing  temperature  attains  800°C  the  power  is  shut 
off  and  the  melt  allowed  to  cool  in  the  crucible  to  pouring 
temperature.  The  stopper  rod  is  then  released  and  the  melt 
cast  at  5  to  10°C  above  the  liquidus  temperature  for  the  given 
alloy  composition.  The  mould,  containing  the  cast  ingot,  is 
then  removed  from  the  chamber  and  plunged  into  cold  water. 

Finally,  the  ingot  and  skulls  are  weighed  and  the  lost 
charge  (usually  in  the  order  of  0.075  grams)  is  attributed  to 
zinc  vaporization.  A  composition  correction  is  therefore  made 
for  this  zinc  loss.  (Chemical  analysis  shows  actual  compositions 

are  within  2%  of  the  made-up  values.) 


7 


2 .  lte£ha  n  15a  n  j 

For  every  ingot  cast,  two  radiographs  were  taken,  90°  apart, 
to  detect  hot  tears  and  gas  cavities.  Ingots  were  rejected  only 
when  complete  tensile  specimens  could  not  be  machined  from  them. 
Tensile  specimens  were  usually  machined  from  the  lower  end  of 
the  cast  ingot  and  had  the  following  dimensions: 


Full  length  1.60" 

Stem  length  1,G0M 

Diameter  of  heads  0,400M 

Diameter  of  stem  0,250M 


This  is  a  #14  tensile  piece  for  use  in  a  Hounsfield  Type  W 
Tensometer  with  2  ton  loading  beam. 

Diamond  pyramid  hardness  tests  were  taken  on  a  cross-section 
cut  from  the  centre  portion  of  the  ingot  and  this  section  was 
later  used  for  microscopic  investigations.  The  remaining  ingot 
portion  was  slit  lengthwise,  polished  and  etched  for  x-ray  dif¬ 
fraction  studies, 

3.  2k^Ray„  J  ii  f X  a£ ec  h  niiUi£«JLar.  §J§es  1  i  ng  phaje^jraMoj, 

To  determine  an  approximate  value  of  percentage  <*~phase 
present  in  both  as-cast  and  heat-treated  alloys  the  following 
assumptions  are  made: 

1,  The  percentage  of  phase  present  in  any 
ideal  zinc-aluminum  alloy  will  be  approximately 
equal  to  the  Wt,  %  A1  content  of  that  alloy, 

2,  The  ratio  of  intensities  of  a  given  reflection 
from  the <x (Fa C0 G. )  and  the (C, P, H. )  structures 

is  directly  related  to  the  relative  amounts  of 
<Xand  ft  phases  present. 
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i  •  e  o  Intensity  of  F.  C.  C.  reflection _ (200)  =  ^ 

Intensity  of  B.C.C.  reflection  (101)  /3 

Pure  zinc  and  aluminum  filings  were  separately  annealed, 
then  mechanically  mixed  in  known  proportions  and  x-ray  diffrac¬ 
tion  patterns  obtained  from  a  Geiger-counter  spectrometer  chart 
for  the  101  and  200  reflections  of  C.P.H.  and  F.G.C.  systems 
respectively.  Ratios  of  areas  under  the  plotted  peaks  for  80, 
60,  40,  30  and  20  Wt.  %  A1  mixtures  yielded  the  °< / ratios 
plotted  against  Wt.  %  A1  in  fig.  2.  As-cast  and  heat-treated 
alloys  may  then  be  discussed  in  terms  of  their  %  oc  -phases, 
found  simply  by  comparing  their  corresponding  cK  / ratios  to 
the  graph  drawn.  (It  will  be  pointed  out  later,  however,  that 
the  analysis  made  under  (1)  above  leads  to  appreciable  errors 
in  this  treatment). 
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mixture  of  zinc  and  aluminum 
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EXPERIMENTAL  RESULTS 

Preliminary  tests  were  concerned  with  finding  a  suitable 
crucible  material,  mould  shape  and  ingot  pouring  temperature0 
Work  then  proceeded  to  the  casting  and  heat-treatment  of  alloys 
to  be  later  tested  for  tensile  strength,  hardness  and  consti tution, 
(  a  )  £xiiMkLe>.Mai^rlaXs 

First  investigations  began  with  the  use  of  graphite  cruc¬ 
ibles,  Because  graphite  will  receive  an  induced  current  the 
crucible  heated  to  a  cherry  red  before  the  actual  charge  became 
molten,  Heat  radiation  from  the  crucible  was  prevented  from 
reaching  the  lucite  tube  by  completely  enclosing  the  crucible 
within  the  water  cooled  induction  coil.  While  the  large  number 
of  cooled  turns  removed  any  radiated  heat,  they  still  induced 
enough  current  to  heat  the  crucible  and  melt  the  charge. 

However,  the  graphite  received  the  full  benefit  of  the 
induced  current  and  few  eddy  currents  entered  the  actual  melt. 
Consequently  the  alloy  was  melted  by  conduction  (from  the  gra¬ 
phite)  rather  than  induction.  Therefore,  the  charge  was  not 
effectively  mixed  and  the  cast  ingots  were  badly  segregated. 

Fig,  3  illustrates  this  point,  showing  how  zinc  and  alum¬ 
inum  retained  their  same  relative  positions  in  the  ingot  as 
in  the  charged  crucible.  As  a  result,  graphite  crucibles  were 
abandoned  in  favor  of  alundum,  a  non-conducting  refractory  con¬ 
sisting  principally  of  A^C^*  Alundum  crucibles  do  not  absorb 
eddy  currents  or  radiate  much  heat.  Further,  they  are  fairly 
non-porous  and  do  not  react  with  zinc  or  aluminum. 
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Fig*  3  -  Gas  cavities  and  hot  tears  produced  by 

various  mould  shapes*  Nos.  1  and  2  show 
alloy  segregations  resulting  from  poor 
mixing  effects  in  graphite  crucibles* 
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(B)  Mould  Shape 

A  copper  split  mould  was  considered  most  suitable  for  chill 
casting.  However*  porosity  and  hot  tears  in  initially  produced 
ingots  indicated  a  special  mould  shape  was  necessary.  Straight 
bore  moulds  of  various  diameters,  with  and  without  whistlers, 
were  first  tested.  As  also  shown  in  fig.  3,  a  large  bore  mould 
of  short  length  produced  castings  with  large  gas  cavities, 

Sraa 11  bore  moulds  of  longer  lengths  resulted  in  fewer  gas  cavities 
but  gave  more  hot  tears* 

The  final  shape  chosen  was  a  long,  tapered  mould  having 
a  large  bore  and  many  whistlers  filed  into  the  split  faces. 

The  whistlers  are  filed  at  an  angle  to  the  face,  allowing  only 
a  pin-hole  opening  in  the  mould  cavity.  These  prevent  the 
formation  of  gas  cavities  but  do  not  allow  the  solidification 
of  tynes  within  the  whistlers,  which  would  anchor  the  ingot 
and  produce  shrinkage  cracking,  A  tapered  bore  and  a  carbon 
coating  on  the  mould  (produced  by  a  natural  gas  flame)  allows 
the  ingot  to  shrink  from  the  mould  walls.  Hot  tears  are  there¬ 
fore  manimized, 

<C)  jEai!xiJia_Xeaii£za.t.uxfi 

The  second  factor  contributing  hot  tears  and  gas  cavities 
in  the  cast  ingot  was  excessive  pouring  temperature.  Fig.  4 
shows  the  results  of  pouring  the  same  alloy  composition  (30  Wt. 

%  Al)  at  increasing  temperatures.  The  illustration  shows  that 
better  results  were  obtained  with  lower  pouring  temperatures. 
Therefore,  all  castings  were  poured  at  5  to  10°C  above  the 
liquidus  temperature  for  the  given  alloy  composition. 
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Fig.  4 

(1) 

(2) 

(3) 

(4) 


-  Effect  of  pouring  temperatures  on  hot 
tears  in  a  30  Wt.  %  A1  alloy. 

Cast  5°C  above  liquidus  temperature 

Cast  25°C  above  liquidus  temperature 

Cast  50°G  above  liquidus  temperature 

Cast  100°C  above  liquidus  temperature 
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Results  from  the  mechanical  testing  of  as-cast  alloys  are 
shown  in  Table  I.  Within  the  range  considered,  ultimate  tensile 
strength  rises  to  a  maximum  of  57,800  psi  at  45  Wt*  %  A1  and 
then  drops  with  a  further  increase  in  aluminum  concentration* 
Hardness  values  appear  to  follow  the  ultimate  tensile 
strengths,  but  no  direct  numerical  relation  could  be  found* 
Values  of  tensile  strength,  limit  of  proportionality  and  hard¬ 
ness  have  been  plotted  against  composition  in  Fig*  5* 

Elongation  and  reduction  in  area  values  were  erratic  for 
25  Wt*  %  A1  alloys,  a  condition  that  was  not  found  with  any 
of  the  other  alloys. 


(2) 


For  heat-treatment  purposes,  the  45  Wt*  %  AX  alloy  (because 
it  has  the  highest  ultimate  tensile  strength)  was  chosen*  The 
alloys  were  held  for  30  hours  in  a  sodium-potassium  nitrate 


salt  pot  at  400°C;  then  quenched  in  ice  water  and  drawn  in  an 
electrically  heated  tube  furnace  at  250°C  for  0,  1,  10,  100  and 


1000  minutes*  Mechanical  test  results  are  shown  in  Table  II* 
Except  for  an  initial  aging  with  a  1  minute  drawing  time, 
alloys  decrease  in  ultimate  tensile  strength  but  show  better 
ductility  with  tempering  time*  Ultimate  tensile  strength, 
limit  of  proportionality  and  hardness  have  been  plotted  for 
increasing  tempering  times  in  Fig,  6.  Table  III  shows  a  com¬ 
parison  of  the  quenched  and  100  minute  drawn  alloy  with  Zamack  2 
and  5  (1),  and  British  Main  Metal  (2)* 
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AREA. 

CORR.  TENSILE  TENSILE  PROPOR  LIMIT  D.P.H. 

WT.  WT.  TOTAL  WT.  %  PIECE  LOAD  LOAD  U.T.S.PROP’Y  ELON’N  RinA  1000  GM 
ALLOY  ZINC  A 1  WT.  A1  (INS.)  (TONS)  (TONS)  (psi)  (%)  (%)  LOAD 
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Table  I  -  Showing  results  of  mechanical 
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Table  II  -  Showing  results  of  mechanical  tests  on  heat-treated  alloys 


/  /. 


TJ 

ce 

o 

«  j 

z 

•  • 

X  o 

•  ^ 

o 

o 

lO 


in 

« 

CM 

O' 


o 

o 


CM 

© 


m 

•sO  CC  f-  CO 


73 

© 

xs 

o 

S3 

© 

3 

o* 

© 

© 

a 

© 

CO 

•H 

JU 

© 

a. 

E 


O 

« 

© 

© 

© 

© 

© 

in  -n 

© 

© 

© 

© 

•  *H 

in 

»— s 

vO 

7F 

© 

H  «» 

• 

«* 

s* 

S3 

•  O. 

CM 

h- 

O' 

•iH 

O  w 

in 

7J« 

3 

© 

42 

V) 

♦ 

u 

1 

73 

© 

© 

© 

1-4 

JS 

in 

t— i 

© 

CM 

M 

S3 

© 

© 

Sh 

3 

pH 

© 

©* 

• 

43 

J 

s 

m 

-J 

H 

•f-4 

H 

< 

< 

E 

<-» 

as 

© 

CM 

in 

© 

o 

S3 

+4 

S3 

© 

© 

35 

3 

CO 

CO 

s 

© 

E 

E 

•«H 

m 

* 

© 

co 

© 

tj* 

Q 

>3 

3 

and  drawn  alloy  with  commercially 
used  alloys 
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%  AL 


Fig,  5 


Mechanical  properties  of  as-cast  alloys 


D.  P  HARDNESS 


Q3H0N3DP 


One  as-cast  45  Wt.  %  A1  alloy  was  drawn  for  10  minutes 
at  250°C  without  a  preliminary  solution  treatment.  Results 
of  mechanical  tests  on  this  alloy  (Table  II)  show  that  its 
ultimate  tensile  strength  compares  with  that  of  a  heat-treated 
alloy  which  has  been  drawn  for  1000  minutes,  but  that  it  is 
still  a  less  ductile  metal.  Also  show  in  Table  II  is  the 
effect  of  subsequent  aging  at  room  temperature  on  the  hardness 
of  all  heat-treated  alloys.  D. P.  hardness  tests  taken  21  days 
after  heat-treatments  show  that  the  alloys  soften  and  there  is 
an  indication  that  a  final  hardness  value  is  reached  between 
70  and  75  D.P.H. 

(E)  1  III  ultj. 

( 1 )  As-cast  alloys 

Approximate  values  for  %  have  been  found  for  both  as- 
cast  and  heat-treated  alloys*  Values  for  the  as-cast  alloys 
are  shown  in  Table  IV  and  have  been  plotted  on  the  same  graph 
with  tensile  strength  and  hardness  curves  in  Fig.  70  There 
appears  to  be  a  parallel  relationship  between  %  e*.  -phase  present 
and  D„  P.  hardness  values.  It  is  also  interesting  to  note  that 
both  %  (X  -phase  and  D.P,  hardness  drop  with  increasing  Wt.  % 

A1  after  reaching  peak  values  at  45  Wt.  %  Al.  The  equilibrium 
diagram  (Fig.  8)  indicates  that  the  percentage  of  «<  -phase 
present  should  have  continued  to  increase  with  aluminum  con- 
ce  ntrat ion. 

(2)  li^JLt=txgJded_jLil^xJ. 

The  curve  showing  %  -phase  present  plotted  against 
tempering  time  (Fig.  9)  suggests  a  complicated  transformation 
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Table  IV  -  Showing  results  of  x-ray  analyses 
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Fig.  7 


Hardness  and  %  -phase  vs  composition 
for  as-cast  alloys 


%  cC  PHASE 
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Al-Zn  Aluminum-Zinc 
By  E.  A.  Anderson* 

°C  Atomic  Percentage  Zinc  °F 


Fig.  8 


Aluminum-zinc  constitutional  diagram 
(Metals  Handbook  A*S.M*  1948,  page  1167) 


LINE  DIFFERENCE 


QUENCHED  1.0  'O.0  1000  100.0 

TEMPERING  TIME  (mm) 


within  the  o<  -phase.  Applying  the  lever  law  to  Fig.  9  for 


45 


a  45  Wt.  %  alloy  an  approximate  maximum  of  77  x  100  =  58%  oc  - 
phase  is  expected.  However,  Fig.  10  shows  that  66%  oc  is 
obtained  with  a  short  precipitation  time  but  that  this  is 
partially  removed  to  the  expected  value  with  longer  tempering 
times. 

Positions  of  the  cx.  -phase  200  line  were  measured  for  all 
heat-treated  alloys  and  their  variations  (devalues)  from  the 
position  of  the  same  line  for  an  as-cast  45  Wt.  %  alloy  were 
noted  (Table  IV).  When  plotted  as  in  Fig.  9  a  parallel  re¬ 
lationship  is  found  between  these  d  S'  values  and  the  amount  of 
%  oC  -phase  present. 


(F) 


( 1 )  Etching  reagents 


An  exhaustive  program  for  the  polishing  and  etching  of 
zinc-aluminum  alloys  was  undertaken  in  conjunction  with 
R.  W.  Fraser  (9)*  In  addition  to  heat  tinting  and  electro¬ 
polishing  and  etching,  reagents  used  were  nitals,  dilute  and 
concentrated  chromates,  hydrofluoric  acids,  concentrated 
nitric  acids  and  various  combinations  of  etchants.  Most  re¬ 
agents  yielded  reasonable  results  for  the  as-cast  alloys  but 
only  a  70%  concentrated  nitric  acid  etch  was  considered  ac¬ 
ceptable  for  heat-treated  alloys. 


(2) 


Microstructures  of  the  as-cast  alloys  are  shown  in  Fig.  10 


to  15  inclusive.  The  extremely  black  areas  shown  are  regions 
of  microporosity.  The  microporosity  may  be  seen  as  single 


Microstructures  in  Figs.  10  to  15  are  all  625  x  mag 
nification,  Etchant:  70%  nitric  acid. 


Fig.  10 


As-cast  25  Wt*  %  aluminum  alloy 


Fig.  11 


As-cast  30  Wt*  %  aluminum  alloy 
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Fig.  12 


As-cast  35  Wt»  %  aluminum  alloy 


Fig.  13 


As-cast  40  Wt.  %  aluminum  alloy 
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Fig.  15 


As-cast  50  Wt.  %  aluminum  alloy 


circular  cavities  (blowholes)  or  interconnected  cavities  (hot 
tears).  The  light  etching  phase  is  the  aluminum  rich  OC  -phase 
which  separates  first  (10).  The  grey  etching  grain  boundary 
phase  segregates  later  as<?C+y4  etttectoid,  There  are  two  in¬ 
teresting  points  in  connection  with  this  phase.  First,  it  may 
be  noted  that  ft  always  associates  itself  with  microporosity. 
Secondly,  some  ft  -phase  has  precipitated  after  solidification 
giving  the  oC  -phase  a  speckled  appearance  in  some  regions.  This 
decomposition  is  thought  responsible  for  the  shrinkage  associ¬ 
ated  with  zinc-aluminum  casting  alloys  (7,8).  The  microstruc- 
tures  do  not  reveal  in  any  obvious  way  the  changes  in  amount 
of  oc  -phase  with  increasing  aluminum  contents. 


(3) 


Figures  16  to  20  inclusive  show  effects  of  heat-treatment 
on  a  45  Wt.  %  A1  alloy.  The  as-cast  alloy,  when  solution 
treated  for  30  hours  and  then  quenched  as  previously  described, 
reveals  an  extremely  large  grain  size,  Fig.  16,  and  a  very 
well  defined  grain  boundary.  The  structure  consists  of  ^  - 

phase  containing  precipitated^  and  a  large  grain  boundary 
phase  of  finely  dispersed  oC  +  ft  ,  The  top  right  hand  corner 
exhibits  three  definite  meta 1 1 ographic  cons ti tuent s-a  light 
OC  -phase  surrounding  a  diffusion  zone  of ^  etttectoid  and 
this  again  surrounding  a  precipitated  ft  -phase.  Figures  18 
to  20  illustrate  the  effect  of  increasing  tempering  times. 

The  precipitated  ft  and  grain  boundary  constituents  transform 
to  an  oC  +  ft  etttectoid,  which  in  the  early  stages  is  resolvable 
to  finely  lamellear  sorbitic  pearlite.  The  final  photomicro- 


Microstructures  in  Figs.  16  to  21  are  all  heat-treated 
45  Wt.  %  aluminum  alloys.  Etchant:  70%  nitric  acid. 


Fig.  16 


Quenched  alloy  -  Mag.  150x 


Fig.  17 


Quenched  and  drawn  1  minute  at  250°C 
Mag.  400x 


J  .  ..  '  ••  r;  ■  ..  ;  "  ■  ■  j 

*  ;  ■  :  •  ;  .  , 


j,  t  ~  i  j.  V  -  '  . 


i>  : 


{  j 


3 1 


Fig.  18 


Quenched  and 
Mag.  40Qx 


drawn  10  minutes  at  250  C 


Fig.  19 


Quenched  and  drawn  100  minutes  at  250°C 
Mag.  400x 


JX- 


Fig*  20  -  Quenched  and  drawn  1000  minutes  at  250°C 

Mag.  400x 


Fig.  21 


As-cast  alloy  drawn  10  minutes  at  250°C 
without  previous  quenching  -  Mag.  400x 
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graph  (Fig*  20),  taken  after  a  1000  minute  drawing  time*  shows 
a  near  equilibrium  composition  of  o^and^+^S  eittectoid. 

Figure  21  shows  the  microstructure  of  a  45  Wt«  %  A1  cast 
alloy  drawn  for  10  minutes  at  250°C.  (Note  that  this  alloy 
was  not  previously  quenched*)  The  alloy  has  only  a  slightly 
different  appearance  from  the  as-cast  structure  even  though 
U.ToS.  and  D,P.H.  values  have  changed  considerably,  as  is 
indicated  by  the  figures  in  Table  II* 
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DISCUSSION 


The  as-cast  alloys  (except  for  the  25  Wt.  %  Al  alloy)  show 
very  little  ductility  and  no  definite  yield  point.  Their  ultimate 
tensile  strengths  rise  from  53,600  psi  for  a  25%  Al  alloy  to  a 
peak  of  57*800  psi  for  a  45%  Al  alloy  and  then  drop  with  in¬ 
creasing  aluminum  content.  These  values  of  U.T.S*  are  higher 
than  those  quoted  by  other  authors  (8,11),  who  suggest  that  the 
ultimate  tensile  strength  drops  steadily  from  43,000  psi  at 
30%  Al  to  40,000  psi  at  60%  Al* 

The  higher  U.T.S.  values  obtained  in  this  project  are 
the  result  of  better  casting  techniques,  which  have  yielded 
sounder  alloys.  Other  workers  investigating  the  same  com¬ 
position  range  have  cast  alloys  into  preheated  graphite  moulds 
(8)  and  into  sand  moulds  (11)*  Apparently  no  tests  for  ingot 
soundness  were  made  in  those  investigations.  In  the  range  of 
cast  alloys  investigated,  the  25%  alloy  is  the  most  promising* 

It  has  good  ductility,  showing  12%  elongation  and  22%  reduction 
in  area--much  higher  values  than  those  for  the  other  cast  al¬ 
loys,  which  have  only  3  to  5%  reduction  in  area  and  elongation* 
Further,  the  ultimate  tensile  strength  of  the  25%  alloy  is 
only  5,000  psi  below  the  peak  U»T*S.  of  57,800  psi  for  a  45% 
alloy.  The  photomicrographs  of  the  cast  alloys  do  not  show 
variations  in  structure  that  can  be  related  to  these  rather 
pronounced  changes  in  mechanical  properties* 

Heat-treatments  cn  the  45%  alloy  (which  is  the  alloy  with 
highest  U*T*S*  but  lowest  ductility)  have  not  produced  better 


properties  than  those  measured  for  the  as-cast  25%  ingot* 

A  45%  alloy  quenched  from  400°C  and  drawn  for  100  minutes 
at  250°C  showed  an  equal  ductility,  only  a  slightly  higher 
hardness  and  a  13,000  psi  drop  in  U.T.S,  compared  to  the  as- 
cast  properties  of  the  25%  alloy.  It  is  possible  that  this 
trend  of  reduced  U.T.S.  values  could  be  expected  in  a  25% 
alloy  if  it  were  heat-treated.  However,  this  is  not  certain 
since  diffusion  kf'netics  may  be  entirely  different  for  an 
alloy  having  a  lower  aluminum  content.  Here,  then  is  suggested 
an  avenue  of  further  study. 

Realizing  that  quenching  and  drawing  is  an  expensive  com¬ 
mercial  process,  it  was  hoped  that  better  properties  might  be 
attained  by  simply  drawing  an  as-cast  specimen  without  previous 
quenching.  A  45  Wt*  %  A1  as-cast  alloy  was  drawn  for  10  min¬ 
utes  at  250°C« — with  disappointing  results.  Hardness  dropped 
from  116  to  84  D.P.H,  and  U»T,S.  values  decreased  by  30%  to 
38,000  psi.  Even  more  di scouragi ng ly ,  the  values  of  elong- 
ation  and  reduction  in  area  remained  unchanged  at  3%.  It  is 
therefore  suggested  that  within  the  range  investigated  the  25% 
alloy  is  the  best  casting  alloy  obtainable,  but  that  a  study 
of  heat-treatment  effects  on  this  alloy  must  be  made  to  further 
assess  its  possible  use. 

It  is  interesting  to  note  that  the  equilibrium  micro¬ 
structure  of  a  heat-treated  alloy  is  of  a  lamellar,  pearlitic, 
type,  thus  suggesting  a  comparison  with  pearlite  in  steel. 

It  must  be  remembered,  however,  that  the  method  of  obtaining 
pearlite  in  steels  is  extremely  different.  In  heat-treated 
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steels,  pearlite  can  be  formed  only  by  slow  cooling  from  the 
austenitic  range  or  by  an  isothermal  treatment  after  aus¬ 
tenitizing;  whereas  "pearlite”  was  obtained  in  a  45%  zinc- 
aluminum  alloy  by  isothermally  holding  that  alloy  at  250°C 
after  quenching  to  room  temperature,  A  similar  heat-treat¬ 
ment  on  iron-carbon  alloys  would  produce  a  spheroidal  pre¬ 
cipitate,  not  a  lamellar  structure. 

However,,  there  is  some  analogy  with  respect  to  the  effect 
of  reaction  time.  Fast  cooling  of  low  carbon  steels  through 
the  Aj  temperature  leaves  little  time  for  carbon  diffusion, 
thus  resulting  in  the  formation  of  fine,  hard  pearlite  lam¬ 
ellae  having  a  large  surface  area  and  high  interfacial  en¬ 
ergies.  Isothermal  holding  of  steels  at  the  A^  temperature 
after  austenitizing  allows  , time  for  carbon  diffusion,  resulting 
in  a  coarsening  of  the  pearlite  lamellae  and  the  eventual 
formation  of  spheroidal  carbides.  This  softer  structure  is 
one  of  least  surface  area  and  lowest  surface  energy.  Simil¬ 
arly,  isothermal  holding  of  a  zinc-aluminum  alloy  which  has 
first  been  quenched  to  room  temperature  results  in  the  form¬ 
ation  of  an  increasingly  coarser  "pearlite”,  which  should 
show  a  continuous  decrease  in  surface  areas  and  interfacial 
energies.  The  result  will  be  a  softer  but  more  stable  struc¬ 
ture.  Whether  a  much  longer  isothermal  holding  than  the  1000 
minute  treatment  given  the  structure  in  this  project  would 
result  in  a  spheroidization  of  the  -phase  is  a  question 
requiring  further  study. 

As  a  further  analogy  to  pearlite  in  steels  it  is  suggested 
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that  heat-treatments  on  zinc-aluminum  alloys  for  better  duct¬ 
ility  be  designed  tc  produce  this  pearlitic  structure.  However, 
it  must  be  noted  that  more  ductile  properties  will  be  gained 
only  at  the  expense  of  about  a  30%  loss  in  tensile  strength, 
if  heat-treatments  on  the  45%  alloy  may  be  used  as  an  indic¬ 
ation  of  the  trend  of  other  alloys.  Here  again  is  suggested 
an  appropriate  avenue  for  further  research. 

It  must  also  be  remembered,  however,  that  heat-treated 
alloys  later  softened  at  room  temperature.  Therefore,  any  ad¬ 
vantage  which  might  be  gained  by  heat-treatments  are  lost  un¬ 
less  these  heat-treatments  or  further  alloy  additions,  are 
designed  to  defeat  subsequent  aging  effects. 

From  results  of  )£~r a y  analyes,  it  has  been  shown  that 
the  amount  of  oC  -phase  present  in  as-cast  alloys  yields  a 
parallel  relationship  to  B. P.  hardness  and  to  ultimate  tensile 
strength  when  plotted  against  alloy  composition.  Tempered 
alloys  do  not  show  this  parallel  relationship  when  plotted 
against  time,  presumably  because  of  the  major  changes  in 
structure.  That  is  the  precipitation  of  the  increasingly 
coarse  efcltectoid  constituent,  results  in  a  lowering  of  hard¬ 
ness  values  (as  mentioned  previously  in  an  analogy  for  pear- 
lite  structures  in  steels)  and  this  overshadows  any  effect 
that  might  be  seen  from  changes  in  the  amount  of  c\  -phase 
present. 

Measurements  of  variations  in  lvalues  for  the  2 CO 
reflection  of  these  heat-treated  alloys  indicate  a  change  in 
the  parameter  of  the  pc  -phase  as  equilibrium  is  approached. 
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This  change  is  shown  as  a  decrease  in  Bragg  angle  for  a  cor¬ 
responding  increase  in  %  -phase  for  short  time  tempering, 

(10  minutes  at  250CC)  and  a  smaller  decrease  in  Bragg  angle 
as  the  percentage  of  <x  -phase  decreases  with  longer  tempering. 
Inspection  of  the  Bragg  equation  (JlA  =  2d  sin&)  shows  that 
when  sine  decreases  with  corresponding  @  values  then  d,  the 
interplanar  spacing,  must  increase.  It  is  suggested  that  this 
change  in  parameter  could  be  caused  by  the  following  effects: 

1.  A  rearrangement  of  zinc  and  aluminum  atoms 
within  the«i  -phase,  yielding  a  change  in  lattice 
parameter  but  no  change  in  composition, 

2,  A  diffusion  of  zinc  out  of  the  £c-phase. 

The  assumption  that  such  a  diffusion  occurs  is  supported 
by  the  fact  that  as  0^  values  decrease  a  concurrent  change  of 
ot  /ft  ratios  occurs.  No  accurate  quantitative  calculations 
may  be  made  for  ainc  diffusion  because  of  the  method  used  for 
computing  these  ^ /ft  ratios.  The  method  was  based  on  the 
assumption  that  ot / ft  ratios  in  aluminum-zinc  alloys  could  be 
directly  correlated  to  o^/  ft  ratios  obtained  from  mechanical 
mixtures  of  pure  zinc  and  pure  aluminum  filings.  This  assump¬ 
tion  is  only  partly  valid  because  the  scattering  factor  for 
zinc  is  2*4  times  that  for  aluminum*  Therefore,  a  diffusion 
of  zinc  into  the  cx  -phase  will  cause  a  much  higher  diffraction 
intensity  that  the  value  computed  on  the  basis  of  mechanical 
mixtures  of  pure  zinc  and  pure  aluminum.  However,  it  still 
appears  that  the  calculations  are  qualitatively  meaningful 
because  variations  in  d  lvalues  indicate  that  zinc  diffusion 
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out  of  the  PC’  -phase  takes  place  during  the  early  stages  of 
tempering,  but  in  the  later  stages  the  direction  of  zinc  dif¬ 
fusion  is  reversed — that  is,  into  the  c<  -phase.  Thus,  the  OC  - 
phase,  during  tempering,  first  becomes  leaner  in  zinc  and  then 
becomes  richer  in  zinc. 

The  following  approximate  calculations  may  be  made  to 
show  the  extent  of  this  diffusion; 

Considering  the  Bragg  equation  - 

si n  ^  iTn 

2a 


Then  esc  =  2a  - - (1) 

nr  A 

and  a  =  esc  ®  I fif  X - - - (2) 

2 


Differentiating  equation  (1)  - 

cot  &  esc  d  -2da 

*  aJIT 

da  =  -  cot  &-c  sc  - --(3) 

2 

Then  dividing  equation  (3)  by  equation  (2)  - 

da  =  -  A  (/7T  cotS^  esc  d^»2 

a  csc&  nr' A  #2 

da  =  —cot  &  d  &■ 
a 

-JLa  = 

a  tan^ 

The  Bragg  angle  for  ^200  reflection  for  the  quenched 
alloy  was  found  to  be  22.44°,  The  Bragg  angle  for  the  heat- 
treated  alloy  containing  what  is  believed  to  be  the  largest 
amount  of^c  -phase  (quenched  and  drawn  10  minutes  yielding 
on  the  basis  of  approximations,  66%c<  -phase)  differed  from 
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this  angle  by  -0*09°.  Substituting  the  values  of  and  d 
in  the  equation  above  to  find  the  percentage  change  in  lat¬ 
tice  parameter  - 

%da  =  -d  x  100 
tan@- 

=  0.09  x  3.141  x  100 
180  x  0,4129 

=  0*2fi2£_2L.!I)0 
74,2220 

=  0,380 

That  is,  the  maximum  change  in  lattice  parameter  corresponding 
to  a  maximum  percent  change  i n  oc  -phase  present  is  0,380%, 

To  find  the  approximate  percentage  of  zinc  diffusing  to 
produce  this  change  in  lattice  parameter  the  following  cal¬ 
culations  are  made: 

o 

Closest  approach  of  aluminum  atoms  (12)  -  2,356  A 

o 

Closest  approach  of  zinc  atoms  (12)  =  2,659  A 

Therefore,  the  percentage  change  in  parameter  when  a  zinc  atom 

is  replaced  by  an  aluminum  atom  is: 

(2.856  -  2.659)100  =  0.197  x  100 
2.659  2.659 

=  7.4% 

But  the  change  in  cell  parameter  calculated  was  0.38%. 

Therefore,  this  change  represents  a  change  of  0. 38  x  100=3-5% 

7.41 

of  the  aluminum  atoms. 

Thus,  this  very  approximate  calculation  shows  that  temp¬ 
ering  a  quenched  45%  alloy  for  10  minutes  at  250°C  results  in 
the  replacement  of  5%  of  the  zinc  atoms  in  the  pc  -phase  by 
aluminum  atoms,  causing  the  lattice  parameter  to  increase  by 
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0*38%  and  concurrent  with  a  change  in  %  oC  -phase  present,  from 
37%  to  66%.  The  variation  in  devalue  suggests  that  this  pro¬ 
cess  is  reversed  for  longer  tempering  times  and  that  a  stable 
structure  is  approached  having  a  value  of  ^C-phase  lattice 
parameter  approximately  equal  to  that  of  the  quenched  structure. 

It  is  again  emphasized  that  these  calculations  are  only 
approximate.  They  are,  however,  qualitatively  correct. 

The  constitutional  diagram  (Fig.  8)  shows  an  equilibrium 
value  at  250°C  of  13  atomic  %  zinc  in  the  OC  -phase.  Thus,  at 
some  time  during  tempering  it  appears  that  the£< — phase  must 
contain  nearly  95  Atomic  %  aluminum  (or  87%  by  weight)  and  then 
decreases  in  A1  content  with  further  tempering,  as  zinc  dif¬ 
fuses  back  into  the  structure. 
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SUMMARY  OF  RESULTS 

1.  The  ultimate  tensile  strength  of  as-cast  alloys  rises 
from  53,600  psi  for  a  25  Wt.  %  A1  alloy  to  57,800  psi  for 

45%  Wt.  %  A 1  alloy  and  drops  to  56,800  psi  at  50  Wt.  %  Al. 

2.  In  the  range  investigated  the  25  Wt.  %  Al  alloy  is 
considered  to  have  the  best  combination  of  mechanical  pro¬ 
perties,  with  53,600  psi  U.T.S.,  12%  elongation  and  22% 
reduction  in  area. 

3a  Quenching  a  45  Wt.  %  Al  alloy  from  400°C  to  room 
temperature  and  drawing  at  25QGC  results  in  a  decrease  in 
U.T.  S.  from  56,0(Ppsi  (as-quenched)  to  41,400  psi  (1000  min¬ 
utes);  an  increase  in  elongation  from  3%  to  8.5%  and  an  in¬ 
crease  in  reduction  in  area  from  3%  to  12.5%. 

4.  Drawing  an  as-cast  45  Wt.  %  Al  alloy  for  10  min¬ 
utes  at  250°C  without  previous  quenching  resulted  in  a  re¬ 
duction  in  U.T.S.  from  57,800  psi  to  38,000  psi,  a  decrease 
in  D.  P.  hardness  from  116  to  84  D.P.H.  and  no  change  in  the 
as-cast  values  of  3%  elongation  and  3%  reduction  in  area. 

5.  The  ultimate  microstructure  of  a  quenched  and  drawn 
alloy  was  found  to  be  of  a  lamellar  pearlitic  type,  coarsen¬ 
ing  with  an  increase  in  tempering  time. 

6.  X-ray  diffraction  analyses  show  the  amount  of  % 
ex.  -phase  present  in  as-cast  alloys  yields  a  parallel  re¬ 
lationship  to  D.P.  hardness  and  to  U.T.S.  values  when  plotted 
against  alloy  composition. 

7.  Variations  in  values  measured  for  the  ^  200  re¬ 
flection  of  heat-treated  alloys  indicate  a  substantial  change 


\ 


r 


■x  •  :  ■■ 


Scj|, 


r 


J 


fi 


i  u  ;  .  i 


t 


' 


Tf 


. !  :  i . 


>3  .  -  !] 


43. 


in  latt i cC  parameter  during  heat-treatment • 

80  The  change  in^"  value  for  the  200  reflection 
is  concurrent  with  a  change  of  *<.  /^>  -phase  ratios,  sug¬ 
gesting  diffusion  of  zinc  out  of  the  oc  -phase  occurs  with 
heat-treatment. 

9.  Approximate  calculations  show  that  5%  zinc  dif¬ 
fuses  out  of  the  PC  -phase  with  short  time  tempering  and 
back  into  the  (X.  -phase  with  further  tempering. 


* .  ••  .  -  .  ..  ■ t  '  c.  -  ,■ .  .  i 

•  .  0  ■  -  i  .v  ■  :■  ;i  * 


-  ;  T  v.  :•  >  v,  .  • ! 

!  ‘  j  ■.  •-  o  ,  :  <j  ■  .  ,  - 


\ 


fj  o  i.;  y,  *■ '  i: 5  i  ;  j  »?  • .  v;  c<  r»  ■  c  .1. 


;•  *  ?  J  ■  o  .  '  ‘  ::  : i.  a ...  '  n  -  .  .  i  a  ... 

j  :  ■,  .  ■ 

..  .  .  ..  .  ... 

.  .j  ,  .  ■  i  (  7  J  •;  »  :.J  1  .  ,,  "  ::  • .  J  '■  J  l  0  'i.iA 

+  ;  •  ..."  A-  ....  .  o  » 


ACKNOWLEDGEMENTS 


The  author  wishes  to  express  his  gratitude 
to  Dr*  J#  G.  Farr  for  his  advice,  assistance  and 
criticism  throughout  the  research  work  and  in  the 
preparation  of  this  manuscript*  Thanks  are  also 
extended  to  Mr*  R*  M.  Scott  and  to  Mr*  R*  W*  Fraser 
for  the  preparation  of  microstructures  and  photo¬ 
graphic  plates,  and  to  Dr*  R*  Taggart  and  Mr*  J.  W. 
Barton  for  helpful  discussion* 

I  wish  to  express  my  gratitude  to  the  Con¬ 
solidated  Mining  and  Smelting  Company  of  Canada, 
Limited,  for  providing  the  funds  that  allowed 
this  project  to  be  carried  out*  Further,  the  advice 
and  encouragement  given  by  the  staff  of  the  Company's 
Research  and  Development  Division  has  been  of 


valuable  assistance 


1.  A.  S0  M. f  Metals  Handbook  1948,  p.  815,  1088. 

2.  F.  Corry,  The  Times  Review  of  Industry,  Oct.  1956, 

30  C.  Wo  Ferryman,  Corapt.  Rend.  1952,  235f  p.  884. 

4.  I,  W.  Wolf,  Metal  Treatment,  July  1957,  p.  272. 

5.  C.  W.  Roberts,  Journal  Inst,  of  Metals,  1953,  81, 

p  •  30 1 . 

6.  A,  Ro  E.  Singer  and  F.  H,  Jennings,  Journal  Inst,  of 
Metals,  1947,  13,  p.  197,  273. 

7.  A,  S.  Kenneford,  Journal  Inst,  of  Metals,  1947, 

13,  p.  445. 

8.  0.  A.  Carson,  C.I.M.M.  Bull.,  1953,  »489t  p.  13. 

9.  R.  W.  Fraser,  Bachelor's  degree  thesis,  1958, 
unpublished* 

10.  Ro  H,  Greaves  and  H.  Wrighton,  Practical  .Microscopical 
Metallography,  Chapman  and  Hall,  1957,  p.  196. 

11.  E.  Pelzelt  Metallwi ssenschaft  and  Teehnik,  1954, 
£4_JLS*_2»  p.  83. 

12.  A.  S.  M.  Metals  Handbook,  1948,  p*  21. 


f  -  ■ '  — •  t 


S  o  ' )  i  JJ  u 


i  . .  .(■ 


